The built environment provides a significant opportunity to reduce energy consumption and the associated environmental impacts. Researchers have focused on how Building Information Models (BIM) can be effectively used during the design phase to model energy efficient retrofits. However, research on the use of BIM during the operational phase to aid in energy conservation has been limited. The research presented in this paper focuses on the integration of real-time energy consumption data of building occupants into the spatial context through BIM. Real-time energy consumption data was collected and a standardized Industry Foundation Class (IFC) BIM with geometric, material and construction information was created for a test-bed building in New York City. To link data in the IFC with energy consumption data we developed a novel ontology that merges the existing IFC class hierarchy with newly defined energy use classes using relationship classes. The process entails the identification of the specific geometric information in a BIM that corresponds to energy usage.
INTRODUCTION
According to the US Environmental Protection Agency (USEPA, 2013) , there is clear evidence of climate change and global warming, and human activities are largely responsible for this. The built environment in the United States constituted about 41% of the primary energy consumption in 2010 (USDOE, 2011) . Over $200 billion is spent on electricity alone in the building sector (USDOE, 2012) . Buildings are a major consumer of energy and it is therefore necessary to identify means to save energy in buildings.
Researchers have begun to employ Building Information Models (BIM) that collect, store and visualize high fidelity physical building information as a tool to increase the energy efficiency of buildings. However, the application of BIM models to energy efficiency has been limited to modeling green retrofits and has yet to explore the integration of real time energy consumption data that has become widely available through the use of non-intrusive and cost effective sensing technologies. Our research explores how high fidelity data from Building Information Models and real time high resolution energy consumption data can be merged to facilitate energy efficiency and conservation initiatives in buildings. In this paper we discuss the first step towards this data integration -development of a novel ontology to merge these different data structures.
BACKGROUND Building Information Modeling (BIM)
Building Information Modeling entails the development of integrated, parametric models of buildings. The process of developing BIM enables better design integration, constructability review, coordination for construction, building performance analysis and facility management (Eastman et al, 2011) . The result of the process is a Building Information Model which is a parametric, virtual representation of the built environment. Such models are capable of representing specific details to facilitate extended analysis as needed ahead of construction (Mulva and Tisdel, 2007) .
BIM for energy efficiency
Researchers have been interested in exploring how BIM can be used as an assistive tool for energy efficient measures in built structures. For instance, Raheem et al (2011) evaluated the use of BIM in environmental performance analysis by comparing energy consumption metrics determined from the model with EIA (Energy Information Administration) values for a housing unit. Assessment of such values was found to influence design decisions that improve the overall environmental impact of residential units. Bazjanac (2008) found that an energy model extracted from the BIM can be coupled with energy simulation tools to assist in preconstruction decision-making processes.
Leadership in Energy and Environmental Design (LEED) is a rating system proposed by the US Green Building Council (USGBC) for buildings and infrastructure based on energy efficiency measures. The process of LEED certification involves specific documentation that result in green building certification of various grades. Azhar et al (2009) mapped relationships between sustainability analysis tools and features in existing BIM tools against LEED credits in order to evaluate the potential of using BIM for Design of Green buildings. Life Cycle Assessment (LCA) provides an analytical framework for evaluating the sustainability of built structures over their lifetime. Software providers and researchers have focused on developing plug-ins to existing BIM platforms such as Revit Architecture for LCA. For instance, Green Building Studio (GBS) generates carbon footprint reports and Integrated Environmental Solutions' Virtual Enviroment (IESVE) enables comparison of passive design solutions (Stadel et al, 2011) .
Most previous research utilizing BIM for energy efficiency has focused on influencing energy efficiency decision-making in the pre-construction phase.
Research on applying BIM to enable energy savings during the operations phase has been limited. Crosbie et al (2010) developed the Intelligent Use of Buildings' Energy Information (IntUBE) module that integrates a Building Management System (BMS) with BIM-based energy profiling tools. Similarly, Laine et al (2007) proposed an architecture for a system that combines the BMS with the "as-built" BIM. While both the above developments sought to integrate BIM with BMS, the question of how one would integrate energy use information remains unanswered.
Standard BIM Representation -Industry Foundation Class (IFC)
IFC is an object-based information model and is a standard specification ISO 16739:2013 developed by BuildingSmart (BuildingSmart, 2013) . The use of IFC aids in resolving interoperability issues resulting from the use of different modeling platforms specific to disciplines. The IFC data model contains all the information in a BIM and includes classes that describe:
(i) Building components, (ii) Relationships between the various components, and (iii) Relationships between components and the building systems.
IFC for energy efficiency
Researchers have extensively used IFCs to explore the applicability of BIMs to overcome multidisciplinary interoperability issues that arise due to the use of various tools/nomenclature by different engineering/design disciplines, across project lifecycle phases. In this section, we discuss prior research on use of IFC to facilitate energy conservation measures.
Wu and Issa (2011) proposed a BIM-based web service that enables document generation for LEED. The proposed service extracts the required information from the IFC corresponding to the BIM. IFCs have also been used to evaluate the energy performance of building facades (Fazio et al, 2007) and to check for code compliance relating to performance criteria (Verstraeten et al, 2008) . The key to this research lies in identifying workflow and methods that can aid in addressing the issues of interoperability associated with the transfer of domain-specific information between the BIM and the performance criteria evaluation tools.
Prior research on use of IFC to improve energy efficiency has bolstered the decision making process at the pre-construction stage. The focus of our research is to explore the use of IFC for facilitating energy conservation measures in operational buildings. We proceeded further to explore the use of IFCs during the operations phase in buildings.
IFC for energy efficiency -operations phase
Building product models have been used in conjunction with Facilities Management (FM) tools in order to monitor the energy consumption in built facilities. For instance, Forns-Samso et al (2012) develop a methodology to integrate a Building Automation System (BAS) and the energy-enhanced BIM (eeBIM) in order to monitor and optimize overall energy performance and CO 2 emissions of buildings. Their research focused on developing the architecture for the integrated web-based system. Although the research attempts to close the gap between BIM and BAS, it is limited to reporting the overall performance of the building systems.
Dibley (2011) developed a system to integrate IFC with a wireless ZigBee sensor network, as a means to automatically deliver information pertaining to building use in a facility in UK. The information from the sensor network and the IFC classes are translated into a format that is readable by the architecture of the FM system. The resulting software system -IFMS -assists FM decisions aimed at optimization of the overall energy consumption of the facility. The IFMS provides system performance information to the facility managers. This serves as a tool that enables facility managers to optimize overall system performance.
Although prior research focuses on the use of IFC to facilitate energy conservation, there is not much work done on incorporating energy use information into IFCs. There are no formal representations that link energy use information with the myriad of geometry, material and construction information contained in a BIM. This is our point of departure.
RESEARCH OBJECTIVE
In this research, we attempt to bridge the gap in formally representing a union of energy use information and high fidelity building information. An ontology is a formal representation of knowledge. The objects, concepts and other entities in a particular area of interest and the relationships between them are represented formally. In other words, an ontology is an explicit representation of such a conceptualization (Gruber, 1993) .
We develop a novel ontology that links two diverse data streams -the energy data collected and the building information. The IFC file extracted from the BIM contains classes representing the various physical properties of the building and the relationships within the components. The novel ontology enables the inclusion of new classes -that represent the energy data -into the existing IFC datastructure.
METHODOLOGY
The ontology development process requires two types of information; the building information and the energy use information. The building information was available from a BIM model of a six storey residential building in New York City. An IFC was extracted from this model. Energy consumption data was collected from the test bed building using a sensor network. This information was available as a SQL database (Gulbinas et al, 2013) . The Protégé environment was used to develop the ontology.
AS-BUILT BIM DEVELOPMENT
As-built drawings were used as the basis for model development. These were supplemented by physical measurements and heuristics in terms of heights of spaces, materials and construction details.
The BIM developed, reflects the current geometry of the building. The model was built in the Autodesk Revit platform and each room was modeled into a zone. The nomenclature for the zone follows the existing nomenclature in the building. This was done in order to ease the correlation between the room's energy use data during the development of the ontology. ONTOLOGY DEVELOPMENT PROCESS An IFC was generated from the as-built BIM by exporting the .rvt file into an .ifc 2x3. The .ifc contains about 92952 lines, and contains the various standard IFC classes that represent the building information. Daily consumption values corresponding to each room were extracted from the SQL database.
The ontology developed does not use existing product model developments such as ISO STEP, BuildingSmart IFC to avoid it being specific to particular developments. However, the relationships between classes in the IFC project model have been adopted to address practical issues related to building projects such as general relationships between building systems. For the same reason, IFC kernel entities such as IfcObject, IfcRelationship, IfcProduct, IfcBuilding, IfcBuildingStorey, IfcBuildingElement were adapted. These coupled with the ifcXML representation form the backbone for the development of the ontology. Protégé environment running on OWL API version 3.4.2 was used for the development of the ontology.
A top-down approach towards ontology development enabled establishing patterns from the macro level building project data classes to the micro level building object properties classes. To assure coherence with ifcXML, the data structures were developed using the XML Schema specification W3C2001. The process includes four steps described in detail below:
i. Inclusion of the macro-level classes that define domain-specific ontologies for the various construction aspects and purposes. Domains that would be irrelevant to the scope of this research were eliminated to avoid the inclusion of redundant data. These include data structure representing the architecture, structural elements, building controls, electrical, and the facilities management domains. These classes are mandatory for the other components in the framework.
ii. Development of classes representing shared elements that import the core schemas (domain-specific classes) and extend them into domain concepts. Examples of these include shared building elements, shared facilities elements, shared building services elements, shared component elements. These are then integrated with the IFC kernel layer to facilitate the next step which is the inclusion of micro-level property classes. The most important class in this level is the ifcRoot, as this is the superclass to various classes (represented in the next lower level) that represent the geometry. iii. The micro-level building component classes such as IfcObject, IfcRelationship, IfcProduct, IfcBuilding, IfcBuildingStorey, IfcBuildingElement are included in this level. In other words, this step represents the inclusion of subclasses of ifcroot in the ontology, the hierarchy of which is shown in Figure 2 below. iv. 
FINDINGS
One of the findings of this research is in terms of appropriate LOD for the asbuilt BIM used for ontology development. After numerous trials of IFC generation from BIM and subsequent ontology development, an as-built model with LOD 300 was deemed appropriate. This is because this provides sufficient details in terms of geometric information that corresponds to energy use. A LOD higher than this was characterized by redundancy in terms of ifc classes representing more information such as project phasing. A lower LOD was characterized by insufficient information, which did not include wall or other building element characteristics.
The most important finding was in terms of defining the EneryUseGeometryRelationship class. This class was defined using classes such as ifcObjectRelationship as a guide. This relationship class is strategically placed in the ontology in a manner that allows querying both building information from the energy use classes and the energy information from the building information classes.
DISCUSSION
Developing ontologies to link diverse data streams is a common to formally represent the knowledge. (Fensel, 2001) . With particular reference to the built environment, ontologies have been developed to integrate building information with facility management information. In such cases, the ontology is either built using existing IFC classes and then translated into a format that is compatible with the BAS class structure (Forns-Samso et al, 2012) , or the IFC classes and a third party data (for example sensor data) is translated into a format that suits the architecture of an existing FM tool. In other words, ontology development to link building information with energy use information has translated IFC class structure into that of the FM or BAS tool.
Our work extends this by building an ontology where energy use information is translated into a class structure that fits into the IFC hierarchy. This would enable the inclusion of energy use information into a Building Information Modeling tool such as Revit, in order to aid in visualization of the energy use within the environment of such tools. Energy use has been typically visualized and feedback has been provided to building occupants as follows (Jain et al, 2013): i. Direct energy units such as kWh or kW (Pescheria & Taylor, 2012) ii. Environmental externalities such as associated CO2 emissions iii. Monetary units such as US dollars .
We intend to use the ontology to develop energy use classes with an appropriate syntax in existing BIM data. This entails the representation of energy use, i.e. plug loads in a spatial context within the BIM environment. Such representation would then be used as a tool for energy use visualization and could potentially serve as an eco-feedback mechanism for building occupants, resulting in energy conservation.
CONCLUSION
Overall, the work highlights the process of developing an ontology that merges the SQL database containing energy use information with the IFC datastructure using Protégé. The definition of classes to represent energy use and relationships between energy use and building geometry are critical. The consistency of the ontology with the IFC datastructure is a key component of this research, as this enables furthering this research towards visualization of energy use in BIM. By identifying the building information classes that need to be linked to energy consumption classes using the EneryUseGeometryRelationship class, we were able to identify the building information that correlates to energy use. This is one of the key contributions of this research. Finally, this research also identifies an appropriate LOD for as-built BIM for linking with energy use. Taken together, this research is a necessary step toward integrating energy consumption by building occupants with BIM which will enable visualization of energy consumption and, we hope, lead to reductions in energy consumption in the built environment.
